The modified form of MnO2 prepared through doping with bismuth or lead possesses rechargeable properties. The work performed under this project was to investigate these properties. The bismuth modified MnO2 (designated as MnO2*) was prepared by coprecipitation of hydroxides from the aqueous solutions of nitrates of Mn and Bi and subsequent oxidation of the hydroxides to the MnO2*.
SUMMARY
The modified form of MnO2 prepared through doping with bismuth or lead possesses rechargeable properties. The work performed under this project was to investigate these properties. The bismuth modified MnO2 (designated as MnO2*) was prepared by coprecipitation of hydroxides from the aqueous solutions of nitrates of Mn and Bi and subsequent oxidation of the hydroxides to the MnO2*.
The potentiodynamic cycling of this material in an electrochemical half-cell showed well defined charge-discharge peaks and constant utilization over 500 cycles. The galvanostatic charge-discharge cycles are characterized by a flat discharge potential of -0.35 V (vs. Hg/HgO) that corresponds to a cell potential of approximately 1.1 V for the ZnMnO2* combination. The galvanostatic cycling at a high current density of 653 mA/g of Mn showed that during 200 cycles, the utilization dropped from 75% to 20% of the theoretical two electron capacity at -0.4 V (vs. Hg/HgO) cut off. This rather unimpressive performance compared to the potentiodynamic study is attributed to an unoptimized cell, rapid charge-discharge rates and possible loosening of contact of the MnO2* material to the current collector.
Other features of the MnO2* material are as follows: The material could be heat treated to 475°C, still retaining its rechargeable characteristics. The density of the material increases as a function of heat treatment from a value of 4 g/cm 3 at 50'C to 4.7 g/cm 3 at 475 0 C.
Preliminary investigations of the Zn-MnO2* system in the presence of selected membranes were aimed at determining ways to prevent migration of the soluble zincate anion to the MnO2* electrode. Selected mmbranes and additives were tested. An improvement in the cyclability of the MnO2* electrode was achieved under certain circumstances. Extensive testings of the Zn-MnO2 systems are needed. / Investigations of the mechanism of rechargeability by the XRD technique was hamperd by the lack of sufficient crystallinity of the MnO2* material. The interrupted voltammetry studies showed that the accumulation of species of approximate composition MnOl.8 can be harmful to the rechargeability of the MnO2* species.
Li-MnO2* cells containing a nonaqueous electrolyte were fabricated. The cells showed good open circuit voltages in the range of 3.1 to 3.4 V, but good cycling behavior of these cells could not be obtained.
INTRODUCTION
The conventional alkaline Zn-MnO2 batteries are rechargeable only with a shallow depth of discharge. The first step in the discharge may involve a reaction of the type MnO2 + H20 + e =* MnOOH + OHand the fact that this reaction causes a dilation of the lattice is regarded by some researchers as one basic cause of the lack of repeated rechargeability, even in respect to this one electron discharge step. The secona discharge step may cause a loss of conductance associated with the presence of hausmannite, Mn304.
The discovery by a Ford research team led by Wroblowa (1) (2) (3) , that the addition to MnO 2 of varying amounts of Bi or Pb oxide makes it possible to attain rechargeability of the Mn 4 + Mn 2 + step involving two electrons, raised hopes of using MnO2 in secondary Zn and Li batteries.
Ementeck, Inc. entered into an agreement with the Ford Motor company to develop rechargeable alkaline Zn-MnO2 cells and nonaqueous-based Li-MnO2 cells. This final
EXPERIMENTAL

Preparation of MnO2*
The modified form of manganese dioxide having a Bi content of 5 to 7.5 mole % of the amount of Mn was prepared by the method of coprecipitation from nitrates as outlined in U.S Patent 4,520,005 (1) . A typical preparation procedure is as follAw. 68.5 5 c of Mn(N03)-4H20 was dissolved in 150 ml of water containing a drop of concentrated HNO3. The solution was filtered to remove extreneous suspensions. 9.87g of Bi(NO3)3.5H20 was dissolved in a minimum amount (approximately 4ml) of concentrated HNO 3 at 70'C. The above two solutions were mixed and cooled to 1 0 C. 27g of NaOH was dissolved in 200nl of water and the solution cooled to 1 VC. This solution was then added to the mixture of nitrates slowly with constant stirring. The resulting suspension was oxidized with oxygen for 24 hrs. The temperature was kept below 5°C. The slurry was then filtered and washed repeatedly with ultra-pure water. The filtered cake was washed in some preparations with 0.2M H2SO4 and then rinsed with water to pH 7.
Subsequently, the product was heated at 50'C to constant weight.
In a slight variation of the above procedure, graphite powder was added in one preparation to the mixture of aqueous solutions of the needed chemicals prior to carrying out the coprecipitation. The resulting MnO2* produced a better utilization of Mn in the potentiody~amic scans. The obvious reason for the latter observation could be the achievement of a thorough mixing of the MnO2* with graphite during the coprecipitation.
Mixing of MnO2* with Graphite and Acetylene Black
The dried MnO2* was ground with a mortar and a pestle for approximately 15 min. and then mixed with graphite and sometimes also with acetylene black in various proportions in an electric blender for another 15 min. The mixing process sufficiently disperses the MnO2* with the conducting carbon and thus facilitates electrochemical measurements on the otherwise poorly conducting MnO2*.
Electrochemical Cells
Two types of electrochemical cells were used in the measurements. A half-cell assembly as shown in Fig. 1 was used initially to obtain potentiodynamic scans. The working electrode in the form of a paste, comprising typically of 100 mg of 1:70 mixture of MnO2* and graphite, in 9M KOH and a gelling agent, carboxy methyl cellulose, was enclosed along with a small Pt or Ni gauze current collector in two layers of microporous polypropylene (Celgard 3401). This arrangement was found suitable for a relatively quick evaluation of a preparation. A Hg/HgO reference electrode was brought close to the working electrode through a Luggin capillary. A glassy carbon boat served as the counter electrode and the main vessel for the cell assembly.
Another electrochemical cell used was of a flat design comprising two removeable plexiglass parts. These parts had slots where electrodes could be placed and then assembled with nuts and bolts. A mixture of MnO2*, graphite and acetylene black with the gelling agent and the electrolyte was pressed into a pellet under a pressure of 10 ton psi on a nickel screen current collector. This electrode was placed against a Ni/NiOOH counter electrode in the plexiglass cell. Prior to use, the Ni/NiOOH counter electrode was chargeddischarged a few times in 5M KOH against a larger Ni/NiOOH electrode at a current density of 5 mA/cm 2 . During the final cycle, the Ni/NiOOH counter electrode was left in a state of charge corresponding to 33% of its initial capacity. Two layers of Celgard 3401 and one layer of Pellon 2581 (both being microporous polypropylene) separated the MnO2* working electrode from the NiINiOOH counter electrode in the flat cell. The potential of the MnO2* electrode in the flat cell was measured versus a Hg/HgO reference electrode in 9M KOH solution. 
Electrochemical and Other Instrumentation
V,
For potentiodynamic recording of cyclic voltammograms of MnO2* and galvanostatic recording of charge-discharge cycles of the MnO2* material, a PARC model 362 scanning potentiostat was used. A PARC model 173 potentiostat/galvanostat was also used in combination with a home-made electronic box for changing electrode polarity on recording charge-discharge cycles of the MnO2* material. Cyclic voltammograms were plotted on a HP model 7004B X-Y recorder and also a Yokogawa model 3025 X-Y recorder.
XRD data were obtained at the Department of Chemistry, Texas A&M University.
SEM and TEM analyses were carried out at the Electron Microscopy Center, Texas A&M i University.
RESULTS AND DISCUSSIONS
Tests for rechargeability of MnO
The rtchargeability of all preparations of MnO2* were tested through observations of charge-discharge characteristic peaks during potentiodynamic scans of the MnO2* material in a half-cell. A typical potentiodynamic scan is shown in Fig. 2 . The utilization of Mn as a percentage of theoretical two electron capacity was observed to be in the range of 80%-95% in most experiments. Figure 3 shows a potentiodynamic scan for electrolytic MnO2 (International Common Sample No. 2.) Even though some rechargeability was observed, the utilization of Mn was near 10% in the first cycle.
Long term potentiodynamic cycling was carried out over 550 cycles. Such data are shown in Fig. 4 . The utilization of Mn increased during the first few cycles (as normally the case for the modified MnO2), remained steady for some time at 80%, then decreased to 57% during the first 250 cycles. On extending the charging potential to +0.45 V from the initial +0.1 V, the utilization increased to 65% and remained constant at this value for a further 300 cycles. The decrease of utilization from the initially high value of 80% was attributed partly to the splitting of the charging peak (Fig. 5 ) and excluding the capacity component associated with the more anodic peak during the charging process on using a low value of the upper potential limit. The characteristic profile of the discharge peak was not dependent on the range of the charging potential used. This is shown from the fact that the discharge peak shape remained independent of the charging potential range (Fig. 5 ).
Galvanostatic and Potentiodynamic Experiments on MnO * Under Various
Conditions
These experiments were carried out in the flat cell where pressed pellets could be used. It was observed during constant current experiments, as was also noted by the Ford research group, that the lost activity in the MnO2* electrode could be regained if the electrode was polarized during discharge half-cycles to approximately -1.0 V vs. Hg/HgO reference electrode. This is explained by the electrochemically initiated rejuvenation of the interaction of Bi species with the MnO2 lattice. An experiment was thus carried out in which the working MnO2* electrode was polarized to -1.1 V in every cycle to see if constant activity could be maintained. Discharge curves for the MnO2* electrode at a constant current of 10 mA are shown in Fig. 6 . The rate of discharge corresponded to 653 mA/g of Mn which is reiatively high compared to a rate of 10-50 mA/g of Mn found in many practical situations. The discharge curves are characterized by a steady potential of -0.35 V vs. Hg/HgO that corresponds to a cell potential of approximately 1.1 V for the ZnMnO 2 * combination. The utilization of Mn achieved at various cut-off voltages is shown in Fig. 7 . The utilization is seen to decrease to 20% of two electron capacity during 200 cycles. The reasons for this decrease have been thought to be the following: (a) an unoptimized cell; (b) rapid charging rate (653 mA/g of Mn) used, and (c) inadequate contact with the current collector.
To examine the importance of the contact of MnO2* with the current collector and if an improvement in the contact was necessary, a porous nickel plaque was impregnated with the MnO 2 * and tested in the flat cell. Figure 8 shows data from potentiodynamic scans.
The utilization of Mn achieved was low--approximatcly 20%--but remained steady during the 75 cycle test conducted. Galvanostatic discharge curves for an impregnated Ni plaque electrode are shown in Fig. 9 at a high discharge current of 625 mA/g of Mn. The utilization of Mn achieved ranged from 15 to 55% depending on the polarization limit imposed during cycling. The data presented here for impregnated electrodes show encouraging features of stable performance, which maybe attributed to an improved contact of the MnO2* to the current collector. The MnO2* was heat-treated in the temperature range 50-475'C to determine the 0 best temperature for dehydration of the material. The dehydration of MnO2* is necessary prior to its use in a nonaqueous lithium battery. The heat treatment was carried out in a furnace in air at selected temperatures for two hours. A wight-loss/temperature plot is illustrated in Fig. 10 . Approximately eighty percent of the water is lost at 175C followed 0 by a gradual water loss at higher temperatures. The temperature range of 250-400'C can be chosen for heat-treating MnO2* prior to fabricating lithium nonaqueous batteries.
Since the density of MnO2* is also of interest, a pyknometer was used in collecting such data for various heat-treated samples. Dry kerosine was used as the pyknometer solvent. The method was first tested with an electrolytic grade of MnO2 (I.C. sample #2), whose density was found to be 4.3 g/cm 3 , in good agreement with the reported value of 4.2 g/cm 3 . The apparent density data for the heat-treated samples are illustrated in Fig. 11 . The density increased from 4.1 to 4.6 g/cm 3 the heat-treatment increased from 50 to 475 'C. Such a change in density is expected as the modified MnO2 loses water with accompanying sintering of the material.
The discharge-charge characteriestics of the heat-treated materials were investigated in 9M KOH in a flat cell equipped with an innocuous counter electrode (Ni/NiOOH) and a Hg/HgO reference electrode. All the heat treated materials showed good rechargeability. The discharge-charge curves were obtained in the potential range of -0.6 to 0.2 V versus Hg/HgO at a sweep rate of 1 mV/s. This sweep rate corresponded to a very high discharge rate of approximately 4 Amp/g of Mn. The electrode was cycled until both the anode and cathode peak heights became constant. From the integrated charge associated with such peaks, the utilization of Mn was calculated as a percentage of the theoretical two electron capacity. The utilization versus temperature plot is illustrated in Fig. 12 . The rapid discharge rates used explain the relatively low utilization obtained for these samples. On increasing the heat-treatment temperature, the utilization further decreases.
The surface areas for the heat-treated samples, obtained from mercury porosimetry data, are as follows: 50'C sample, 65m 2 /g; 250'C sample, 56.6m 2 /g; 475'C sample, 39.6 m 2 /g. The low utilization obtained for the heat-treated material at higher temperatures could be attributed partly to the decrease in surface area of the materials and to the consequent inadequate mixing of the materials with conductive additives. Also, under this task, preliminary evaluation was made of the MnO2* in combination with a zinc counter electrode and a few additives in the electrolyte. Two classes of membranes were evaluated: ZAMM series--radiation grafted acrylic acid based polypropylene membranes--obtained from RAI Corporation, Long Island, New York and a membrane from T&G Corporation of Lebanon, Connecticut. Additives added to the electrolyte were polyvinyl alcohol and sodium orthosilicate. All these tests were done while carrying out potentiodynamic scans in the bundle electrode configuration shown in Fig. I and also in the flat cell. Figure 13 shows the results for the ZAMM membranes of different thicknesses. Curve 1 for the 4 mil thick membrane is the best among the three curves shown. Figure 14 shows tests for the ZAMM membranes with additives in the electrolyte. The additions of poyvinyl alcohol and sodium silicate improve the performance of the cells. The action of additives in this case has been explained (5) in terms of the formation of polymeric zincate and charged micelles of colloidal zincate. In the case of both additives, the migration of zincate through the membrane decreases and thus the cyclability of the MnO2* electrode increases.
The utilization of Mn also improves when the MnO2* electrode is polarized to the negative potential of -1.2 V (Hg/HgO) on discharge. In a practical system, a high negative polarization of the MnO2* electrode can be accommodated periodically during a discharge period through the installation of an electronic device in the charging unit. Figure 15 shows data for the T&G membrane and additional data for ZAMM membranes. The performance of the former membrane was initially good, but the membrane disintegrated in the KOH electrolyte during long exposure. The addition of D-sorbitol in the electrolyte gave rise to only a slight improvement.
The performance of a cell in the presence of a Zn counter electrode is less satisfactory because of the diffusion and migration of zincate (Zn(OH) 4 2 -) anions to the MnO2* electrode. The zincate anion reacts with MaiO2* to form hetaerollite, a compound which contributes to irreversibility of the MnO2* electrode. Ford research workers were unable to unambiguously decide whether the rechargeability of manganese oxides, achieved by doping with trivalent bismuth and/or divalent lead, was due to structure-stabilizing factors or to the dopant-etectect change of the redox pathway which avoids accumulation of non-rechargeable (or non-conducting, i.e., electrochemically non-active) intermediates. To resolve this fundamental issue, the following studies were undertaken:
XRD Study
The objective was to see whether Bi or Pb ion incorporate into sites different than other cations, which do not affect rechargeability of birnessites, and whose positions have previously been determined (4).
One of the main objections against the structure-stabilizing effect of these ions are the small amounts (down to approximpt,-ly 1/100 Bi:Mn molar ratio) '-1 ,ich are effective. However, if indeed bismuth and lead occupy special lattice sites (highly probable in view of the uniqueness of their ionic radii--no other cation is 1.2 A in radius), they may exert,
8N-.
even in small doping amounts, long-range forces which determine the lattice rearrangements necessary for reversibility of the redox processes. The long-range lattice effects of miniscule amounts of dopant are established in the literature for, e.g., the electrochemical response of graphite to traces of boron inserted into the layered structure (6) .
In general, the products prepared by the coprecipitation method were less crystalline than those obtained by the exchange of Na in Na-birnessite with Bi or Pb. In most cases only two lines 7.2 and 3.6 A regions were found in the XRD spectra. This was particularly true if the pressed disks were used for the XRD determination due to the preferred orientation of the layer structure. Minor peaks in the 2.4 and 2.3 A regions were also observed in some samples. The positions of the broad lines at 7.0 and 3.5 A showed that the basic PbMnxOy and BiMnxOy (washed with water only) were of the same structure as that of the Na-birnessite while that of the acid washed BiMnxOy was similar to the acid washed Na-free birnessite, showing 7.2 and 3.6A, Mn70l3 . 5H20. The latter could be converted to the former by contacting with KOH solution. The lack of adequate crystallinity of these materials prevented further indepth interpretation of the XRD data.
TEM and SEM Examination of MnO * Samples
The NaMixOy and BiMnxOy prepared by coprecipitation and exchange methods were examined by the transmission electron microscope. These compounds all have very thin sheet structures. Elementai dnalyses of selected areas under the scanning electron microscope showed that the Mn/Bi intensity ratio of various areas of the sample varied within a narrow range. Thus, it ruled out the possibility that Bi and Mn exist as separate phases, at least for the samples with near stoichiometric Mn/Bi ratios.
Study of Cyclic Behavior of Lower Mn Oxides
The lack of rechargeability of conventional MnO2 electrodes was variously ascribed to a number of factors (3) . In order to pinpoint at which stage of the 2-electron redox process the non-rechargeable intermediate specie(s) appear, a systematic study was initiated of the cyclability of MnO, Mn203, and Mn304, both with and without Bi203 admixtures. Table 1 ). The performance of two cells, tested, was unsatisfactory, however.
During the first discharge, a complete discharge of the capacity could not be obtained. This AIIOVdVO,9 -1VOI138OHI 5-0 NOIIVZI-11fl %
